Ionograms from Rome (41.8N, 12.5E) and Sofia (42.4N, 23.2E) ionospheric stations during earthquake (EQ) activity with magnitude (M) between 5 and 6 in Central Italy are analyzed. It is found that several ionospheric disturbances occur in the intermediate E-F region before the EQ shock.
Introduction and physical background
The interaction of powerful processes, which take place in the Earth crust, e.g. earthquakes (EQs), volcanoes, etc., with neutral and charged components of the atmosphere (ionosphere) is one of the most important problems of our environment. Evidences for ionospheric disturbances emerging days before the strong EQ shocks are widely considered in the literature. Data from a number of vertical sounding ionosondes have been analyzed for a thorough study of the F2 region ionosphere behavior. Ionospheric disturbances in the F2 region have been shown to appear generally 1-7 days before the EQ event (Pulinets and Boyarchuk, 2004; Hayakawa, 1999 and references therein; and Hayakawa and Molchanov, 2002 and references therein) . At heights of the maximum of the F2 region, the corresponding critical frequency (foF2) is strongly influenced by EQ preparation processes. Then the variations from its median values can exceed twice the standard deviation.
Moreover, their localization is found to be centered at, or near the epicenter of the forthcoming EQ (Liu et al., 2001; Liu et al., 2006) . Analysis of GPS total electron content (TEC) data within the area affected by the EQ has revealed a systematic ionospheric variability several days before the seismic shock as shown for instance by Liu et al. (2004 Liu et al. ( , 2006 who observed a TEC variation up to 40 TEC units. It is worth noting that for the same set of GPS receivers this type of variability does not appear during geomagnetically disturbed periods.
Disturbances affecting the E and D ionospheric regions days before strong EQs have also been observed. First experimental evidences concerning the D region disturbances during the EQ preparation period are changes of the characteristics of VLF signals received by ground-based receivers from remote transmitters (Gokhberg et al., 1987 (Gokhberg et al., , 1989 . As for EQ-related disturbances in the E region there is a row of cases and statistical studies. The most frequent feature characterizing the E region is the appearance several days before of strong Es layers over the zone affected by the EQ (Ondoh and Hayakawa, 1999; Liperovsky et al., 2000; Pulinets et al., 2000; Chuo et al., 2002) . The number of spread-Es observations is reported to increase one to three days before an EQ (Silina et al. 2001 ). The spread-Es phenomenon appears as diffusivity of the traces of Es layers on the ionograms of vertical sounding stations (Liperovsky et al., 2005) . The importance of Es layer formation and its modification during EQ preparation processes is underlined by statistical studies performed on the available data (Liperovsky et al., 2000) . Recently, Ondoh (2003) has registered an emergence of strong increase of the critical frequency of the Es layer, foEs, (up to above 7 MHz) two days before the Hyogo-ken Nanbu (Kobe) EQ (M = 7.2) on 17 January 1995. Chuo et al. (2002) have conducted statistical studies of the foEs variations before Taiwan EQs with M higher than 6. Most sharp variations of foEs thus have been observed during terminator time (sunrise and sunset at E region heights) within the interval of 5 days before the seismic shock. Increases of the Es layer critical frequency at terminator time give rise to an electron concentration increase in the D region; the effect of terminator time variations in VLF propagation signals observed by many groups (Gokhberg e al., 1987; Hayakawa, 1998, Biagi et al., 2001) and foEs variations are then closely interrelated.
In order to characterize the presence of small-scale plasma turbulence for thin layers, variations of the Es region semi transparency coefficient X = (foEs -fbEs)/fbEs (where fbEs is the blanketing frequency of the Es layer) have been analyzed for more than 100 EQs with M > 4 and depth h < 100 km (Liperovskaya et al., 2003) . Liperovskaya et al (2003) have shown that the turbulence level decreases by ~ 10% during three days before EQs. The turbulence level however increases by the same value from one to three days after the shocks. For EQs with M > 5 the effect exists at distances up to 300 km from the epicenter. The effect could also exist for weak (M ~ 4) and shallow (depth < 50 km) EQs at a distance smaller than 200 km from the epicenter (Liperovskaya et al., 2003) . One may expect that E region plasma density variations as high as 5-10 % will result in corresponding variations of the ionospheric current intensity as the Sq-system, as well. Having in mind that the ionospheric current densities are of order of 10 -6 A/m 2 (Onwumechili, 1992) , the velocity of the current carrier should be of the order of several 100 m/s. Hence, small-scale plasma density disturbances of about 10-100 km would result in time scale of 100 up to 1000 seconds.
Associated ULF variations (up to 5 %) in the current density in the E region heights and in the geomagnetic field on the ground (prior or after the EQ shocks) can be also expected.
It is worth noting that among all ionospheric disturbances and anomalies that appear usually 7-2 days or hours before strong EQs, only ionospheric disturbances starting hours before the EQ shocks seem to be related (at least in time) to the intensity bursts of EQ-related geomagnetic field variations.
An exceptionally high level of activity in the 10-500 mHz range starting three hours before the LomaPietra EQ (M = 7.1) has been observed by Fraser-Smith et al. (1990) . Again, an increased ULF activity started growing three to five days before the Spitak EQ (M = 6.9) was seen to be accompanied by a substantial ULF emission burst starting four hours before the EQ shock (Molchanov et al, 1992) .
These activities have been identified respectively at distances of 7 km (Loma-Prieta EQ) and of 130 km (Spitak EQ) from the EQ epicenters.
The first who has observed and identified ionospheric disturbances hours before strong EQ, as well as their propagation characteristics is Nestorov (1979 Nestorov ( , 1986 This experimental fact has suggested an acoustic wave disturbance source concept testified by Nestorov (1986) . He has compared the delay time and the distance between the LF radio reflection points (assuming that the disturbances are in the D and E region) and the EQ hypocenter. By using error minimization method the acoustic wave-like disturbances source has been identified coinciding with the epicentre and the moment of its initiation has been evaluated to be approximately 2 hours prior the main EQ shock. The Nestorov's investigation (1986) is a pioneering observational evidence for EQ-related ionospheric variations propagating at acoustic velocity that precede strong EQ shock. The proposed explanation consists in generation of acoustic waves in the EQ hypocenter due to processes of friction that accompany and probably precede the main rupture moment.
Later, the acoustic gravity wave (AGW) and internal gravity wave (IGW) hypothesis has attracted more attention and basic mechanisms of AGW/IGW generation before strong EQ shocks have been suggested (Hegai et al., 1990; Mareev et al., 2002; Molchanov, 2004a; Liperovsky et al., 2008) . Recently, quasi 3-minute fluctuations of vertical motion in the ionosphere have been detected 0-2 days prior to strong EQs . Hsiao et al. (2008) have examined wavelike structures and found that AGW can be activated near the epicenters, propagate into the ionosphere and then trigger traveling ionospheric disturbances (TIDs) few days before EQs traveling away from the EQ epicenter.
Existing studies and results thus suggest that pre-EQ effects in the ionosphere have significant signatures, of both day (1-7 days) and hour duration (minutes up to several hours) prior to EQ shock, at ionospheric heights typical of the F2, E and D regions. Most of the effects are found to be distributed at large distances over the epicentral area.
In our study, ionospheric disturbances during EQ activity in Central Italy in September and
October 1997 are examined. Our attention is focused on ionospheric disturbances starting hours or minutes before the EQ shocks. A thorough examination of this problem can highlight both the mechanism of the lithosphere-atmosphere-ionosphere (L-A-I) interaction and the chain(s) of physical processes originating at the Earth crust and ending at the ionosphere.
Earthquake activity in Central Italy during September-October 1997.
A long sequence of EQs, among them six with M between 5 and 6 that struck Central Italy from September and December 1997 is thoroughly examined by Amato et al. (1998) . The EQ series started of 03 September 1997 was followed by two strong shocks ( The EQ distribution delineated a NW-SE trending fault zone, elongated for about 40 km, and extending for 5 to 15 km in the perpendicular direction.
The EQ shocks of 26 September 1997 were the strongest one (the first with Mw = 5.7 at 00:33
UT and the second with M L = 6.4 at 09:40 UT). We study ionospheric variations on the EQ days using data recorded at the stations of Rome and Sofia. There are numerous investigations of the ionosphere dynamics at mid-latitudes and they have revealed that the ionospheric parameters correlate over appreciably greater distances in East-West than in North-South direction (Stanislawska et al., 1996a (Stanislawska et al., , 1996b . The distance between Rome and Sofia (Rome and Sofia are nearly at the same latitude (of 42°)) is ~900 km. Both ionosonde data, in terms of ionospheric parameters and ionograms, recorded at Sofia and Rome stations are thus considered to be compared. As it was pointed out, if there were EQ related disturbances, these variations would become most intense at hours just before the EQ shock.
In this paper we examine not only the ionospheric parameters changes, but the ionograms and all features visible on them. Ionospheric variations both at E and F region heights are considered. As it is expected, an initial inspection of the ionograms recorded in September and October 1997 reveals a similar behavior of the ionospheric plasma.
Ionograms from Rome and Sofia of 26 September 1997 do not reveal unusual features, they are practically of standard form (the geomagnetic activity on this day was low, Kp index was for several days less than 2). We notice that the first EQ shock on 26 September 1997 occurred at midnight hours (00:33 UT) and did not produce ionospheric disturbances in the F2 region (in night time E region is absent). The ionograms just before the second EQ shock (at 09:40 UT) are practically identical with one exception: an appearance in the Rome ionogram (Figure 2 ) of "fork" on both traces corresponding to the ordinary and extraordinary mode of propagation. Fig. 2 shows the ionogram recorded at 9:00 UT (LT=UT+1=10:00). The fork that emerges at the critical frequencies of both F2 traces is closely connected with disturbances as TIDs (Hawlitschka, 2006) . If the F2 fork is observed simultaneously on both traces as is our case, the TIDs propagate in north-south direction. Usually the F2 trace fork appearance is a nighttime phenomenon and hence, this case represents a peculiarity. Further, we shall see that similar forks are observed in daytime on another EQ day the 12 October 1997 (at 11:00 UT,
i.e. at 12:00 LT).
Interesting disturbances at the E and intermediate E-F region heights are observed on both 12 and 14 October 1997. The distance between the Rome station and the EQ epicenters on 12 and 14
October 1997 is 131-138 km and is shorter compared to EQs occurred on 26 September, 03 and 06
October 1997. Figure 3 illustrates the number of EQs occurred in October 1997, while Figure 4 illustrates the EQ activity on 12, 13, and 14 October 1997. Inspecting the Rome ionograms on 12
October ionospheric disturbances are visible from one to two hours before the EQ shock. The EQ of M = 5.3 on 12 October occurs at 11:08 UT. At 09:00, 10:00, 11:00 and 12:00 UT a sequence of transients characterizing the E-F region is observed in the ionograms recorded at Rome. At 09:00 UT a transient appears in the F1 region, where an F0.5 region is formed. Then, the disturbance interpreted as F0.5 region is observed at 10:00 and 11:00 UT. At 12:00 UT these structures are found at intermediate heights, between E and F regions. (Figure 5a , b, c, and d)
Similar features (in the intermediate E-F region) just before the EQ at 09:00, 10:00 and 11:00
UT are also observed at Sofia, as shown in Fig. 5e , and f.
The following features need to be mentioned:
• the E region parameters, as fmin (the lowest frequency of reflection recorded in the ionogram ), foE (the critical frequency of the E region), and h'E (the minimum virtual height of the E layer) cannot be interpreted because of the absence of, or weak E region trace (E region stratification) (Fig. 5 , panel a. Both strong 'non-deviative' absorption around the fmin and 'deviative' absorption around foE take place at Rome. The trace disappears when a change of the mechanism of reflection emerges, thus the normal strong reflected wave is replaced by an extremely weak reflection from the same height. This happens when a process of enhanced radio wave signal absorption emerges. The enhanced absorption effect usually is caused by an electron density increase in the D region through which the radio signal propagates. As we see from Fig. 5c the radio signal absorption extends at Rome continuously up to 2.9 MHz and represents in this case the whole E region. The E region is thus not visible on the ionogram;
• at Rome an Es layer trace of short length, type c is observed. Its critical frequency is 3.1
MHz. At higher frequencies, a gap of 300 KHz is visible. Within this gap a transients similar to high sporadic Es region is found (Fig. 5c) . It might be a disturbance formed in the F region and descended in the heights of E-F region and transformed into a sporadic Es layer. There is however another possibility because the observed disturbances can be also interpreted as Es layer of type h;
• the F1 region is without critical frequency (11:00 UT). It should be between 4.2 and 4.8
MHz. In this range the deviative absorption is strong, hence the critical frequency of the F1 region, foF1, is not visible (foF1 = R). The same consideration is valid for the corresponding lowest virtual height (h'F1 = R);
• a splitting between E and F1 regions is observed at frequency foF0.5 =3.8 MHz;
• near the maximum frequency of reflection the both the O and the X trace is characterized by a fork (Fig. 5c ). This, as it was previously said, suggests a TID-like transient that
propagates along the north-south direction.
The Rome ionogram recorded the 12 October 1997 at 11:00 UT suggests that the ionosphere over Rome is strongly influenced by additional force(s) of unknown origin that act locally. These forces draw the ionosphere out of its normal large-scale condition. These features are of short time duration, they disappear after an hour. These transients are observed in the ionosphere over Rome and are not observed in the ionosphere above Sofia ionosonde station (900 km from Rome). Indeed E region and F0.5 region traces are well formed at the two stations. Effects of stratification and non-deviative and deviative absorptions and F2 trace fork are observed at Rome. At the same time these effects are not visible at Sofia.
The main ionospheric parameters on 12 October 1997 are however coincident in both stations, as illustrated in Table 1 . Let's outline them: i) the critical frequency foF2; ii) deflecting absorption around foF1 (in Sofia less than at Rome); iii) splitting evidence at the F1 heights (F0.5); iv) development of Es layer of type c (at Rome it is shorter and with gap), and v) the heights h'F1 and h'F2.
Similar features at the E-F region heights are also observed on 14 October 1997 during the M L 5.7 EQ occurred at 15:23 UT (see Figure 6) . It is remarkable that high Es layers of type h emerge at Rome hours before the EQ (see Fig. 6, panels a, b, c and d) . After the EQ, the transients disappear and the ionosphere restores its normal conditions. Unlike Rome, at Sofia normal E region trace persists all time (see Fig. 6e and f) where Sofia ionograms at 13:00 and 14 UT only are depicted) and Es layers of type h do not appear. October 1997 and also after them. Figure 7 displays the foF2 deviations from the corresponding monthly median values for months September (Fig. 7a ) and October 1997 (Fig. 7b) , respectively. A comparison of foF2 deviations at Rome and Sofia stations reveal remarkable similar behavior of the foF2 deviations. The foF2 deviations at the two stations are highly correlative, decreases/increases of foF2 deviations are practically unidirectional.
There are only two cases of exceptional decrease of the foF2 parameter. These decreases however occur simultaneously at Rome and Sofia on 19 September (Fig. 7a ) and on 11 October (Fig.   7b ). The foF2 deviation becomes 4.3 MHz on 11 October 1997. Additionally a cross-correlation analysis for both ionospheric stations is carried out. The cross-correlation coefficient is very high throughout and persists between 0.91 and 0.97 for all 6 days before the strongest EQ shock on 26
September 1997. The observed decrease of foF2 parameter on 19 September might be related to an enhanced geomagnetic activity, because, in this case it was preceded by a short time, but sizeable decrease of the Dst index. A careful examination shows that the foF2 decrease on 11 October can be interpreted as a signature of negative ionospheric storm at mid-latitudes (in our case after a sudden geomagnetic storm commencement occurred on 10 October 1997 (Villante et al, 2001) ). It is well known that negative ionospheric storm phases are frequent phenomena in mid-latitude ionospheric Hence, the differences in the ionogram traces recorded at Rome and Sofia on EQ days, 12 and 14 October 1997, are mainly localized in the E and E-F regions.
At hours around the considered EQ shocks the geomagnetic activity was low, practically quiet, the geomagnetic index Kp varied between 1 and 2+. 
Discussion
The observed transients in the ionosphere demonstrate a different character of the low ionosphere dynamics locally. It is well known that local changes in the low ionosphere depend on several factors: meteorological, lithospheric, etc. The absence of E region traces for some time may imply a local source and energy release. Disturbances in the E region are suggestive for transient mechanism(s) working in the lower thermosphere/ionosphere. Transients as fmin increase and weak E region trace, or E region stratification (with an enhanced trace gap around foE) can be explained with a short time (less than 15 min) enhanced absorption of the radio wave sounding signal through the D and E region. Sources of Es layers of type h are AGW, particle precipitations, neutral wind shears, etc.
In order to distinguish and discriminate ionospheric disturbances according to their genesis (meteorological, lithospheric, etc.) , their spatial and temporal characteristics need to be established. and afternoon (dusk) hours with two peaks of occurrence: at 07(08) LT and 16(17) LT and is excluded at 11 and 12 LT. Presumably, at given latitude the hours of Es (type h) occurrence peaks will move accordingly to sunrise and sunset moments depending on season. Hence, the sporadic Es layer type h that emerges at noon hours on 12 October 1997, i.e. at 11:00 UT is an exception. Unfortunately, the sporadic Es layer observed on 14 October 1997 however cannot be discriminated from usual sporadic Es layers (type h) frequently occurred at hours 15-17 LT.
Another statistics is drawn about the fork events on F2 trace. For the two months period (1464 ionograms) there is only one fork event that occurred on 26 September 1997.
Our examination reveals ionospheric transients in the low ionosphere (at heights of the E and E-F regions) and provides additional evidences for i) an increase of fmin, ii) emergence of Es layer, and iii) trace gaps around foE even E region trace disappearance that appear hours before the main EQ shocks. These local effects observed within one hour even two hours interval might be associated with pre-EQ related processes.
The main question that arises is: can such different changes in the E region be recognizable as precursors of EQs? One should mention that ionospheric changes and disturbances during geomagnetically disturbed conditions are of large-scale characteristics as propagation, time and spatial scales. The latter can be easily monitored by an ionosonde network. In our study, within the time interval of several hours before the EQs the geomagnetic index Kp is low, i.e. the geomagnetic activity was low. This excludes a geomagnetic activity genesis of the E and E-F region disturbances observed over Rome only. The observed ionospheric disturbances are of local, still unknown origin.
On the other hand, experimental observations of AGW and IGW in the atmosphere and ionosphere before strong EQs are scarce and not properly documented. With regard to this, the 
Conclusion
In this study we examine ionospheric variations during EQ activity with M between 5 and 6.
The ionospheric variations are recorded at distances between 130 and 170 km away from the epicenters of EQs occurred in Central Italy. Consecutive ionograms from the Rome and Sofia ionospheric stations are compared and analyzed.
The following conclusions can be drawn from our analysis.
First, the ionospheric disturbances which are observed several hours before the EQ shocks can be classified into: i) an increase of fmin (non-deviative absorption), ii) a widening of gaps of 'deviative' absorption near the critical frequencies of the E and F1 region, and iii) a total or partial disappearance of E region trace on ionograms. In addition there are effects connected with the development of Es layers type h. The observed ionospheric transients last from ten minutes up to hours and have a different character. In most cases some of them appear, others do not appear.
Second, in most cases the observed effects (mainly in the low ionosphere) are of local character, i.e. they are of scales up to several hundred kilometers. In the absence of geomagnetic activity, their characteristics suggest a possible connection with AGW EQ-related genesis among several sources (meteorological, geographical, e.g. coastal, etc.), i.e. they might be associated with pre-EQ processes if others are excluded. Their diversity implies cumulative effects of forces acting simultaneously with the seismic-related one. The possible ionospheric effects due to different mechanisms thus need to be quantified properly.
The findings suggest that if EQ-related ionospheric transients were indeed produced they were surely superimposed on other ionospheric disturbances of various scales in time and size produced by other external forces on the ionosphere. This means that using one component of the LAI system, say, the ionosphere only, it is not possible to discriminate clearly seismic-related disturbances and/or signals even when they are of local character. Thus, simultaneous measurements/monitoring of all L-A-I components and processes (e.g. AGW and/or IGW) are required, e.g. gas and radon emission UT, and at Sofia at e) 09:00, and f) 11:00 UT. Grid lines are spaced 100 km vertically and 1 MHz horizontally. At Rome, an F0.5 layer is visible in all the ionograms; at 11:00 UT, weak (practically absent) E region, Es layer of type h, and F2 fork traces are visible. At 12:00 UT (after the EQ shock) the E region appears with stratification, while high E2 or Es region persists. At Sofia, E region and F0.5 layer traces are well formed without effects of stratification and non-deviative and deviative absorption. The F2 fork traces observed at Rome are not visible at Sofia.
Fig. 6.
Ionograms recorded on 14 October 1997 at Rome at a) 07:00, b) 13:00, c) 14:00, and d) 15:00 UT, and at Sofia at e) 13:00, and f) 14:00 UT. Grid lines are spaced 100 km vertically and 1 MHz horizontally. At Rome Es layers of type h are visible in all the ionograms, strengthening at 15:00 UT; E region trace is almost absent at 13:00 UT. Unlike Rome, at Sofia the E region trace is well developed at 13:00 UT, and no Es layers of type h are visible. 
